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1. Introduction 


It is known that proper manipulat ion of a turbulent boundary 
layer with a thin stationary plate spanning the flow can cause a 
reduction in the skin friction drag downstream of the manipula- 
tion point. These devices have several names such as "BLADES", 
(boundary layer alteration devices ) or "LEBU’ s", ( large eddy 
break-up devices ). Use of this type of device was developed by 
Yajnik and Acharya (1977); Corke, Guezennec &• Nagib (1979); 
Hefner , Weinstein & Bushnell (1979), and others. Work by these 
invest igators has produced a marked evolution in the performance 
and underst anding of certain configurations. 

This technology is, however, not well developed. This is 
clear when one looks at the repeatability of the various 
experiments by Hefner, Anders and Bushnell (1983). Anders (1985) 
has pointed out that changes in the microgeometry of the device 
may cause significant changes in the results. Mildly stroking 
the LEBU blade with fine sandpaper can significantly alter the 
data but reductions in drag consistently occur. 

Several mechanisms have been suggested by Corke, Nagib and 
Guezennec (1982) by which manipulator plates are able to remove 
the large eddy structure from the boundary layer and reduce the 
skin friction drag. These suggested mechanisms include 
attenuation of the normal velocity component of the large scale 
structure by the manipulators and the redistribution of the 
turbulent kinetic energy by the blade wake. 

Another possible scenario based upon the work of Liss and 
Usol’tsev (1973), assumes that the manipulator blade acts as an 
airfoil m a gusty environment. As large eddies in the boundary 
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layer impinge on the manipulator blade, the blade experiences a 
small fluctuation in the effective angle of attack. The resul- 
ting change in circulation would produce vortex shedding at the 
manipulator trailing edge. This vortex could then partially can- 
cel the vorticity associated with the incident turbulent eddy. 
With a reduction in the large eddy content, the momentum transfer 
from the mean flow to the wall would be reduced leading to a 
reduction in the momentum thickness and associated wall drag. If 
this proposed mechanism is correct it would be possible to in- 
fluence the process by directing an acoustic wave toward the 
LEBU. If the acoustic pulse is phase locked to the incident flow, 
the canceling vortex shed from the manipulator plate could be 
modified by the acoustic pressure to enhance the large eddy 
cancellation process. 

In a recent paper by Papathanasiou & Nagel (1386) a new 
phenomenon associated with drag reduction using blades was 
reported. That paper gives evidence that the proper acoustic 
signal directed from the wind tunnel floor to the LEBU trailing 
edge can indeed be used to enhance the drag reduction obtained 
with the boundary layer alteration device. The acoustic signal 
is generated from a hot-film probe positioned upstream of the 
LEBU in line with the location of the acoustic input. The 
acoustic signal occurs in response to only large eddies in the 
turbulent boundary layer. The signal is time delayed by an 
amount equal to the eddy convection time between the hot-film 
probe and the LEBU trailing edge. The additional acoustic pulse 
applied to the LEBU blade apparently modifies the vortex shedding 


from the blade arid increases the large eddy cancellation. This 
work is described in the final report for NASA grant NAG-l-4£4, 
(Nagel, 1986) and in a paper by Papathanasiou & Nagel (1986). 

The goal of this work is to verify the behavior of the flow 
when subjected to this phase locked acoustic excitation and to 
optimize the important parameters in the excitation process. 
Results indicate that optimization of the process is possible and 
that drag reduction can persist downstream and slowly spread in 
the spanwise direction. 

2. Experimental Apparatus & Basic Phenomenon 

The experiment is housed in the NCSl) Low Speed Boundary 
Layer Wind Tunnel described by Nagel & Alaverdi (1985). The test 
section is nominally 1.0m x 0.4m x 7.0m long with an adjustable 
ceiling set for zero pressure gradient flow. A schematic of the 
test section is shown in figure 1. The boundary layer scoop at 
the beginning of the test section, x = 0. 0rn, completely removes 
the boundary layer which forms on the contraction floor. The 
test section boundary layer then starts at x = 0.0m and grows in 
a manner which agrees with standard predictions such as those 
available in the text by Cebecci and Bradshaw (1977). A sand 
paper boundary layer trip is installed across the span of the 
test section between x = 4crn and x = 25cm. The trip establishes 
a fully developed turbulent boundary layer at the LEBU with a 
complete range of length scales. With the trip installed, the 
resulting turbulent boundary layer also grows in accordance with 
standard turbulent boundary layer predictions as shown by 
Papathanasiou & Nagel (1986). 


The large eddy break-up device consists of a single blade, 
with a chord equal to nine tenths of the local boundary layer 
thickness (3.6 cm). The device was carefully fabricated from 
stainless steel shirnstock 0. 0£03cm (0.008 inches) thick and 
mounted across the span of the test section at £. 0rn from the test 
surface leading edge. The blade extends through the walls of the 

test section at a height above the wind tunnel floor equal to 80 

* 

percent of the local boundary layer thickness. The boundary layer 
thickness, <f, is determined as the location where u/Ue = 0.995. 
The device was secured outside the wind tunnel on an independent 
stand that allows adjustment of the blade height, angle of attack 
and blade tension. Independent adjustment of both ends of the 
blade is possible. This is the same basic conf i gurat ionn 
described in the final report for grant NAG-l-4£4, (Nagel, 1986). 

The experimental arrangement to acoustically excite the 
manipulator blade utilises a hot-film probe mounted £. 5 S 
upstream of the blade trailing edge at a height above the test 
surface approximately equal to the height of the blade. This is 
the same location used in the earlier work. 

The signal from the eddy detector probe is processed in such 
a way so only that part of the signal corresponding to large 
eddies causes an input to the acoustic driver. The resulting 
acoustic input to the blade is a signal with approximate 
character and duration equal to the anemometer’s response to the 
large incident eddies. 

Basic evidence of the drag reduction due to the acoustic 
excitation is shown in figure £. where the momentum thicknesses - 

for the plain test surface are compared to those obtained with 
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the blade only and with the acoustically excited blade. The eddy 
detector probe was installed for all three cases, but was not 
active for measurements obtained for the plain case or the case 
using the blade without acoustic excitation. The data were 
obtained along the test surface centerline downstream of the 
point of acoustic excitation. The momentum thickness at any 
point x represents all the momentum loss between the test surface 
leading edge and the particular measurement point. Since the 
pressure gradient is zero, the slopes of the curves in figure £ 
represent the skin friction coefficient along the surface. The 
reduced slope and skin friction coefficient that occur for the 
blade with and without acoustic excitation is clear. Further 
more, since the value of momentum thickness for the acoustically 
excited blade falls below that of the plain case when x is 
greater than 3. 6rn, one may conclude net drag reduction occurs for 
this region. One should also note that data for the plain con- 
figuration (without the LEBU) are unaffected when acoustic 
excitation is applied to the flow and the blade is removed. The 
results of Figure 2 may serve as an example of typical results 
with which to compare the results of optimization. 

3. Optimization of Process 

When acoustic excitation is applied to the large eddy break- 
up blade, there is a reduction in the peak cross-correlation 
function measured between the upstream eddy detector probe and a 
second hot-film probe positioned downstream of the blade at the 
same height above .the test surface. .As expected the cross-corre- 
lation coefficient goes to zero as the downstream probe location 



is moved more than 10 £ downstream. One should note that the 
upstream probe is the fixed eddy detector probe located S. 5 £ 
upstream of the LEBU trailing edge. Within one or two boundary 
layer thicknesses downstream of the blade trailing edge the peak 
cross-correlat ion coefficient ( CCF ) is reduced from about £0* 
to near zero by the addition of the proper phased locked acoustic 
signal. This single measurement of the reduction in the coherent 
large eddy structure provides a quick method to optimize the 
acoustic signal. If one defines Rc as the ratio of the peak CCF 
with acoustic excitation to the peak CCF without excitation, 
then one can assume that the large eddies impinging on the blade 
are more effectively canceled when Rc is less than 1.0 and a 
minimum. 

The three optimized parameters include the reference 
voltage, the time delay and the amplitude of the acoustic input. 
These three quantities are illustrated in figure 3. The reference 
voltage level determines which excursions of the anemometer 
response are recognized as large eddies. Since the eddy detector 
probe is positioned near the intermittent region of the boundary 
layer, large reductions in the velocity are assumed to correspond 
to large eddy passing. The reference voltage thus sets a 
threshold which triggers the processor response resulting in an 
acoustic input to the blade. The delay time between eddy detec- 
tion and the processor output, and the amplitude of the result- 
ing acoustic signal are both adjustable with the processor. 

Figure 4 shows the existence of a distinct minimum in Rc as 
~the~reference voltage, Vr, is varied. Low values of Vr trigger 
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the acoustic input for only the largest eddies, whereas high 
values of Vr cause an acoustic response for most of the 
anemometer signal. These data were obtained with a time delay of 
approximately 10 milliseconds correspond ing to the approximate 
eddy convection time between the eddy detector probe and the LEBU 
trailing edge. The acoustic amplitude used was 101 dB. For 
reference voltages significantly above the optimum value, the 
acoustic input increases the peak cross-correlation function. 
When Vr is below the optimum, the peak CCF is still slightly 
reduced. The eddy cancellation process thus seems most effective 
when adjusted to respond to only the large scale turbulence. 
Acoustic input in response to a more complete range of eddy 
length scales may be improperly coupled to the blade because the 
blade chord is of the order of the length scale associated with 
the large eddies. 

The turbulence intensity measured from the eddy detector 
probe was approximately £*/•• This detector probe is in the outer 
boundary layer in a region of high intermittaney. Figure 4 shows 
the reference voltage normalised by the DC voltage, Vo, from the 
eddy detector probe. Thus, (1-Vr/Vo) is approximately the 
proportion of turbulent fluctuations that trigger acoustic 
pulses. The optimum performance of the excitation occured when 
(1-Vr/Vo) was set approximately 1 /£% larger than the turbulence 
intensity. For the case shown in figure 4, triggering on only the 
largest £.7* of the velocity excursions produced the optimum 
results. 

As the reference voltage is varied from low values to higher 

values the average frequency of acoustic input pulses also 


increases. 


The average pulse frequency is easily determined by 
counting the pulses over a long time interval. Figure 4 also 
shows the average number of acoustic pulses from the processor as 
a function of reference voltage. Corrsin and Kistler (1955) 
suggest that the large eddy passing frequency may be approx irnate- 
ly predicted by Ue/<£. 5 &) . For the test case examined here, 
this frequency corresponds to approximately 110 Hz. It is 
encouraging to note that the optimum value of the reference 
voltage occurs when the processor responds at the approximate 
large eddy passing frequency. Data obtained from other configur- 
ations are consistent with these results. 

The time delay for the processor was also optimized. Figure 
5 shows the minimum peak cross-correlat ion ratio occurs at a 
delay time corresponding to approximately 9.5 msec. This is the 
large eddy convection time between the eddy detector probe and 
the blade trailing edge as suggested by Kovasznay, Kibens and 
Blackwelder (1970). These results also support the notion of 
modified large eddy cancellation by the acoustic excitation. The 
reference voltage for these data was near optimum and the RMS 
acoustic level for sound between 0 and £000 Hz. remained at 
approx imately 101 dB. 

The sound pressure level of the acoustic input at the LEBU 
trailing edge is not easily measured. Difficulties occur because 
of the existence of the mean flow, the wake of the LEBU and the 
turbulence in the boundary layer'. The acoustic amplitude can, 
however, be measured outside the test section in a zero flow 
environment. The data of figure 6 have therefore been gathered 



by measuring the cross-correlat ion functions in the normal manner 
with various excitation amplitudes. For the same power settings, 
the OASPL at the blade height above the orifice was then measured 
outside the tunnel. The test section floor was modeled with a 
square flat surface (0.6m x 0.6m) fabricated with the same size 
input port in the center. The prerecorded hot film output signal 
was used to trigger the pulse mechanism. In this manner the 
acoustic signal used to produce changes in the CCF could be 
reproduced. The OASPL was measured with a condenser microphone at 
the blade height with grazing incidence. 

The sound pressure level required to influence the wake of 
the flat plate can be estimated. Melnik and Chow (1979) suggest a 
technique to predict the perturbation pressure at the trailing 
edge of a flat plate in an inviscid flow. For the test flow and 
flat plate blade used here, the predicted fluctuating pressure is 
99.9 dB. This value should serve as a crude approximation for 
the acoustic amplitude required to influence the basic flow at 
the blade trailing edge. 

The results of the optimization show that beneficial effects 
of the acoustic input are possible for a range of amplitudes. 
The minimum CCF occured just before the acoustic driver entered 
a regime of non-linear response. At the higher values of OASPL 
the acoustic near field may also influence the cross-correlat ion 
between the hot-film probes. The measurements suggest an optimum 
acoustic amplitude exists near a sound pressure level of about 
102 dB. This amplitude is 2 dB above the level predicted to 
influence the flow. This is a substantial increase in acoustic 
pressure cue to the nature of the logarithmic scale for decibels. 


The data shown in figures 4, 5 and 6 support the concept of 

enhanced eddy cancellation with an acoustic input which is phase 
locked to the incident large eddies. The optimum reference 
voltage level, (or response threshold level), the time delay and 
the required amplitude all support the concept of acoustic wave - 
large eddy interaction at the blade trailing edge. The result of 
this interaction is a reduction of the peak cross— corr el at ion 
function across the blade and a reduction of the skin friction 
drag downstream as demonstrated in figure £. 

The optimization shows the most sensitive adjustment is 
associated with the reference voltage Vr. ft deviation of only I’A 
in Vr from the optimum value is sufficient to significantly 
reduce the effectiveness of the excitation. This sensitivity in 
Vr may be the principle difficulty in achieving "good" drag 
reduction with this technique. 

The distribution of momentum thickness along the wind tunnel 
centerline for the optimized case is compared in figure 7 with 
the unexcited LEBU and the plain flow cases. Near the blade the 
optimized excitation does not produce initial increases in 
momentum thickness as significant as those for the unoptimized 
case of figure £. The general trend of the data is the same, but 
net drag reduction is achieved much earlier. The momentum thick- 
ness with optimized excitation falls below the plain flow data 
near x = £. 9 m rathev - ' than x = 3. 6 m as is figure £. Drag reduc- 
tion is clearly improved and the optimization based upon the peak 
cross-correlation function is effective. 


4. Spanwise Spreading of the Phenomena 

Figures £ and 7 show enhanced drag reduction caused by 
acoustic excitation extends a significant distance downstream. 
One might expect mixing of the surrounding turbulence in the 
boundary layer to quickly dilute this phenomenon. Data collected 
across the span of the surface (cross-stream) indicate, however, 
that the drag reduction phenomenon spreads slowly in the 
transverse d irect ion. 

Limited cross-correlatior data show that reductions in the 
cross-correlation function near the LEBU also spread spanwise as 
the measurement s are extended downstream. Work is continuing to 
verify and carefully document the spreading phenomena. A second 
point of acoustic excitation will be installed to examine the 
results of two intersecting regions of enhanced drag reduction, ft 
second signal processor has been built and is ready for use. 

5. Conclusions 

Proper acoustic excitation of a single large-eddy break-up 
device can increase the resulting drag reduction and, after 
approximately 40 to 50 S downstream, provide net drag reduction. 
Precise optimization of the input time delay, amplitude and 
response threshold is difficult but possible to achieve. Drag 
reduction is improved with optimized conditions. The possibility 
of optimized processing strongly suggests a mechanism which 
involves interaction of the acoustic waves and large eddies at 
the trailing edge of the large eddy break-up device. Although 
the mechanism for spreading of this phenomenon is unknown, it is 
apparent that the drag reduction effect does tend to spread 
spanwise as the flow converts downstream. 



The phenomenon is not unique to a particular blade configu- 
ration or flow velocity, although all data have been obtained at 
relatively low Reynolds numbers. The general repeatability of the 
results for small conf igurat ion changes serves as verification of 
the phenomenon. 
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Figure £. Momentum thickness ,0, as a function of downstream 
distance, x, for various flow configurations. 
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Figure 7. Momentum thickness, 8, as a function of streamwise 
distance, x, for various flow configurations (with 
optimized acoustic excitation). 


